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Abstract: The spinning disc reactor (SDR) uses surface 
rotation to produce thin film flow with improved mixing 
and reduced residence times in chemical processing 
applications. Solvent-antisolvent precipitation is one such 
process that can benefit from these properties. This study 
investigates the film hydrodynamics and precipitation of 
starch nanoparticles by contacting starch dissolved in 
sodium hydroxide with ethanol as the antisolvent. 
One objective of this study is to understand how interac-
tions of the disc surface topography (grooved and smooth) 
with other parameters such as liquid flowrate, antisolvent 
to solvent flow ratio and disc speed impact the mixing and 
precipitation processes. Results indicate that an increase 
in flow rate and rotational speed leads to smaller nano-
particles and narrower size distributions, which is attribu-
ted to increased shear and instabilities within the liquid 
film. It was also observed that an increased antisolvent 
to solvent ratio caused a reduction in particle size, as 
increased antisolvent generated higher supersaturation. 
Results showed that although particle size was not signifi-
cantly influenced by the disc texture, the size distribution 
was narrower and higher yields were obtained with the 
grooved disc surface. The grooved disc therefore offers 
the opportunity for higher throughput in the solvent- 
antisolvent precipitation of starch particles with better 
product quality. 
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Abstract: Let F denote a eld and let V denote a vector space over Fwith nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X → TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 ags, 12 decompositions,
and 24 bases for V.
Keywords: Leonard pair, tridiagonal matrix, self-dual
Classication: 17B37, 15A21
1 Introdu tion
Let F denote a eld and let V denote a vector space over F with nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, Denition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.
The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, Denition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module f r the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, The rem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
Denition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).
Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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1  Introduction
Precipitation is a process often used for the recovery of 
solids of high purity from solution [1]. It is a bottom-up 
rocess, generating pa ticles from the atomic level as an 
alternative to milling, an expensive and inefficient process 
especially in the context of nanoparticle formation. 
The process of precipitation requires the creation of 
supersaturation so nucleation and growth may proceed. 
Supersaturation is the ratio of solute concentration 
to saturated concentration and is the driving force for 
precipitation processes. Solvent-antisolvent precipitation 
allows the creation of supersaturation by lowering 
equilibrium concentration through addition of the 
antisolvent [2]. It is a method beneficial for olymorph 
formation in pharmac utical  and for systems unstable 
at ch nging tempera ures [3,4]. Mixing is fundamental 
in solvent-antisolvent precipitation processes as 
the generation of uniform supersaturation is highly 
dependent on sufficient mixing between the antisolvent 
and the solute/solvent liquids. 
The spinning disc reactor (SDR) is a process 
intensification technology that has been shown to 
enhance mixing through subjecting the liquid to high 
centrifugal forces, creating highly sheared, thin and 
unstable films [5,6]. The thin liquid film generated on the 
surface of disc can exhibit near plug flow characteristics 
with negligible radial dispersion [7]. U der plug flow 
conditions the residence time distribution is tightly 
controlled which allows each reacting species to undergo 
the same processing experience; for precipitation processes 
this means narrower particle size distributions (PSD). 
The SDR has previously been used in many applications 
typically involving fast and sometimes highly 
exothermic reactions, including catalytic reactions [8,9], 
polymerisation reactions [10,11], acid-base neutralisation 
reactions [12] and reactive precipitations [13-17]. There 
is not much work on solvent-antisolvent precipitation 
processes carried out in an SDR, and research is 
limited to earlier reports on the production of curcumin 
nanoparticles [18] and the re-crystallisation of an active 
pharmaceutical ingredient [8].
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The texture of the disc surface has been shown 
to affect hydrodynamics, wave formation [19], and 
residence time distribution [7]. It has been observed 
that the residence time distribution is narrower with 
the grooved disc surface [7]. Furthermore, for reactive 
crystallisation processes, crystals produced on a grooved 
disc surface have been reported to be smaller in size, 
with a narrow size distribution than those produced on a 
smooth disc [14]. Additional use of grooved disc has been 
reported in processes such as polymerisation [10] and 
nanoparticle production [20]. Parameters such as flow 
rate and disc rotational speed have been shown to have 
further effect on liquid film interaction with the textured 
discs, influencing the residence time distribution and 
SDR hydrodynamics [7]. 
The work presented here concerns the solvent-
antisolvent precipitation of starch nanoparticles. Ethanol 
has been selected as the antisolvent for this study and 
sodium hydroxide as the solvent. Starch nanoparticles 
have many promising applications, ranging from fillers in 
nanocomposites to carriers in drug delivery systems [21]. 
Previous methods of generating starch nanoparticles 
involve acid hydrolysis, enzymatic hydrolysis, and gamma 
irradiation [22]. Due to these methods belonging to 
the ‘top down’ crystallisation category, they often 
require a lot of energy and result in low yields and broad 
size distributions [23]. The SDR offers a greener alternative 
for generating starch nanoparticles with a tighter control 
of particle size distribution. In spite of an additional 
power input (typically of up to 2000 W/kg of processed 
fluid) associated with the rotation of the SDR surface and 
centrifugal acceleration of the fluid, this energy has been 
shown to be efficiently transmitted to the liquid to enable 
more efficient micromixing, especially in comparison with 
a conventional stirred tank reactor [5]. Although it would 
be beneficial to eliminate the use of solvents altogether, 
the ethanol antisolvent used in this work has a much 
lower environmental impact compared to the solvents 
used in the top-down processes, such as sulfuric acid, and 
is less toxic and environmentally favourable [24]. 
The main aim of the current work is to investigate a 
green production route to producing starch nanoparticles 
using the solvent-antisolvent precipitation technique 
in the SDR. The paper first presents the experimental 
system and methodology used in the study, followed by 
presentation of the results showing influence of factors 
such as disc rotational speed, total flow rate and solvent 
to antisolvent ratio on the size and size distribution of the 
starch nanoparticles produced. Influence of the smooth 
and grooved disc textures on the qualities of produced 
nanoparticles is also investigated and discussed. 
2  Experimental methodology
Figure 1 shows a schematic of the spinning disc reactor used 
in this research. The reactor consists of a 30 cm diameter 
stainless steel disc (grooved or smooth) encased in a 
reactor housing which contains the flow of liquid exiting 
from the edge of the spinning disc. The temperature on the 
surface of the disc is regulated through water circulation 
underneath the disc at a maintained temperature of 25°C. 
The temperature of the circulation water is controlled 
in a heating tank where it is held. The flow rates of the 
individual starch/NaOH and ethanol feeds to the disc are 
provided by Watson Marlow 323E and Watson Marlow 
505S peristaltic pumps respectively which feed the solvent 
and antisolvent to single point feed distributors situated 
2.3 cm above the centre of the disc. 
The reagents sodium hydroxide, 99.8% absolute 
ethanol and corn starch were purchased from Fisher 
Scientific, UK. The solute, starch, was dissolved in 0.5 M 
sodium hydroxide solution to form a 2% w/v concentration 
solute/solvent mixture. A 20% w/w concentration (based 
on starch weight) of Tween 80 was used as the surfactant 
to prevent agglomeration of starch. 
The conditions that were studied in the SDR included 
disc rotational speed (400, 800 and 1200 rpm), total flow 
rate (6, 12 and 18 mL/s), and antisolvent to solvent ratio 
(1:1, 5:1, 9:1 on a volume basis). The results presented here 
are for experiments conducted on a stainless steel grooved 
disc with 8 concentric grooves and a stainless steel smooth 
disc as shown in Figure 2. 
Samples of starch nanoparticles from the disc were 
analysed using Dynamic Light Scattering (DLS - Mode 
Nano ZS Malvern instruments, UK) technology to obtain 
particle size and size distributions. The size measurements 
were all carried out at 25°C. Each sample measurement 
was performed in triplicates, with the average of the size 
distribution measurements and the mean peak sizes being 
reported for the primary peak. Although in many cases a 
smaller second peak corresponding to agglomeration is 
present, the focus here is on the first peak for analysing the 
Figure 1: Schematic of SDR.
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size of the particles, and for this reason the agglomeration 
peak will be ignored, unless specified. A typical PSD 
showing both peaks is shown in Figure 3. The width of the 
size distribution is represented by a Polydispersity Index 
(PdI) value. Again, this has been calculated for the single 
peak of interest, and not for the entire distribution, unless 
specifically stated.
Transmission electron microscopy (Philips CM100 
100kV TEM, FEI) of the samples was also performed for 
a realistic quantification of the actual particle size as well 
as for studying the morphology and the presence of any 
agglomeration amongst the nanoparticles. Images were 
taken with an Optronics AMT40 CCD camera, 1824 × 1824 
pixel (Deben UK) using 400 mesh copper grids (Gilder 
Grids UK) with negative staining. 
To estimate particle yield, the particles were subjected 
to centrifugation at 1000 rpm for 2 minutes to separate 
and remove the supernatant. This was repeated 5 times 
and washed with ethanol to remove the NaOH and water 
in between centrifuging. The particles were then left to 
dry under vacuum at 35°C. The particles were weighed to 
estimate yield using the following equation:
= ×Yield
Massof dried product





3.1   Effect of total flow rate on nanoparticle 
size distribution
Figure 4 shows the effect of total flow rate on starch 
nanoparticle size distribution at constant disc speed of 
1200 rpm and a 9:1 antisolvent to solvent ratio on the 
grooved disc. The figure shows that an increase in total 
flow rate decreases both the average size of particles and 
the size distribution width, which is evident from the peak 
at 175 nm and a polydispersity index of 0.204 for 18 mL/s 
flow rate in comparison to the size and PdI value obtained 
at 6 mL/s which are 248 nm and 0.302 respectively, as can 
be seen in Figure 4a. Figure 4b shows how the flow rate 
affects mean particle size and PdI value. There is a general 
decline in particle size and PdI value as flow rate increases. 
However, between 12 mL/s and 18 mL/s no further reduction 
in particle size is observed as flow rate increases, which is a 
possible result of agglomeration of smaller particles as more 
particles are generated at the higher flow rate. Similar trends 
are observed at all disc speeds and antisolvent to solvent 
ratios. The TEM images in Figure 5 presents a comparison 
between particles produced with a flow rate of 6 and 
18 mL/s. This analysis confirms that higher flow rate 
produced smaller sized particles. Average size of particles at 
18 mL/s form TEM analysis was found to be 13.3 nm, whereas 
Figure 2: The grooved and smooth disc surfaces used in SDR 
experiments.
Figure 3: Overall PSD showing the primary peak and an 
agglomeration peak.
Figure 4: Effect of flow rate at 1200 rpm, 9:1 antisolvent to solvent 
ratio, on the grooved disc (a) PSD, (b) plot of mean particle size and PdI.
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at 6 mL/s the average size was higher at 30.3 nm. There is 
also no evidence of significant agglomeration between 
the starch nanoparticles taking place at either flow rates. 
It should be noted that the difference in particle sizes from 
DLS and TEM is a result of larger particles scattering more 
light in the DLS technique which shifts the peaks towards 
the larger end of the size distribution, whereas the TEM 
shows the true particle size [25]. 
The increase in instabilities within the film enhances 
micromixing between the solvent and antisolvent which 
aids in the production of uniformly high supersaturation, 
causing nucleation of starch nanoparticles. The spinning 
disc reactor does not increase supersaturation itself, as 
supersaturation and nucleation processes are independent 
of reactor geometry [26]. However, it does prevent high 
local supersaturation through effective mixing of the 
solvent and antisolvent streams flowing on the disc, 
thereby ensuring uniform supersaturation across the 
film layer. Within this ideal uniform mixing environment, 
more successful collisions between molecules can occur to 
form the critical nucleus required for particle nucleation 
to take place, thus increasing nucleation rate in this way. 
An increase in nucleation rate means that supersaturation 
is consumed primarily by nucleation which contributes 
to the formation of reduced particle size [27]. Growth of 
particles and even agglomeration may be further reduced 
as the residence time decreases with an increase in flow 
rate, according to Eq. 2, where, tres is the residence time on 
the SDR, ν is the kinematic viscosity of the liquid, ω is the 
angular velocity of the SDR, QT is the total flow rate, and 
ro and ri are the radial distances at exit and entry points 


















4 3 4 3
 (2)
The decrease in particle size distribution width 
at increasing flow rates as indicated by the lower PdI 
values suggest superior transverse mixing occurs across 
the film thickness whilst reduced radial mixing occurs 
leading to a narrow residence time distribution, and thus 
a narrow particle size distribution. This effect of flowrate 
on residence time distribution has been quantitatively 
demonstrated in an earlier study [7]. The results 
obtained are in agreement with prior solvent-antisolvent 
precipitation work done on the SDR, where increasing 
flow rate has resulted in smaller sized particles [18].
3.1.1   Effect of disc rotational speed on nanoparticle  
size distribution
A similar effect as flow rate has been observed for disc 
rotational speeds investigated at 400, 800 and 1200 rpm, 
presented in the PSD profiles in Figure 6a. At higher disc 
speeds, there is a reduction in both mean particle size and 
PdI as shown in Figure 6b. An increase in disc rotational 
speed increases mixing and contact between antisolvent 
and starch solution due to reduced film thickness and 
more induced turbulence within the film, which leads to 
an increase in nucleation rate and decrease in particle 
growth. Furthermore, the disc speed has also been shown 
to influence plug flow behaviour [7], with flow approaching 
plug flow at higher disc rotational speeds and at high flow 
rates. Plug flow conditions aid in mixing between the 
solvent and antisolvent as well as reduce backmixing on 
the disc, decreasing the variation between particles thus 
leading to a much narrower size distribution. In addition 
to this, higher rotational speeds and flow rates have 
been associated with increased shear of the film and an 
increase in ripples on the film surface [28]. Consequently, 
Figure 5: TEM images for (a) 6 mL/s, and (b) 18 mL/s at 1200 rpm 
and 9:1 ratio.
Figure 6: Effect of disc rotational speed at 9:1 antisolvent to 
solvent ratio and 18 mL/s flow rate on the grooved disc, (a) PSD,  
(b) plot of mean particle size and PdI.
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the increased instabilities within the liquid film lead to 
enhanced mixing between the solvent and antisolvent 
streams. These results agree with previous work done on 
solvent-antisolvent precipitation, where an increase in 
rotational speed resulted in smaller particles [18]. 
It was, however, observed that the combination of 
low antisolvent to solvent ratio of 1:1 and a high flow 
rate of 18 mL/s on the grooved surface resulted in the 
production of larger and agglomerated particles. This is 
evident in the size distribution seen in Figure 7, showing 
the sharp increase in mean particle size at 1:1 at 18 mL/s 
compared to the corresponding values at 9:1 antisolvent 
to solvent ratio and 18 mL/s shown in Figure 4. The 
particle size increases with further increase in disc speed. 
An explanation for this would be poor mixing between 
the two inlet streams at much higher solvent flow rates, 
or more specifically the occurrence of back-mixing in the 
region of the inlet tubes, causing precipitation to take 
place within the central region of the disc. In effect, when 
the flow rates of the two inlet streams are similar as when 
the antisolvent to solvent ratio is 1:1, it is more challenging 
to incorporate the large quantity of solvent/solute stream 
within the antisolvent stream, more so under the less 
than ideal mixing conditions in the inner zones of the 
disc. This phenomenon has also been experienced in past 
studies [18,29]. If such low antisolvent to solvent ratios 
are to be used, it may be more advantageous to introduce 
the antisolvent stream onto the spinning disc away from 
the central region where more stable and improved 
hydrodynamic conditions prevail [14].
3.1.2   Effect of antisolvent to solvent ratio on 
nanoparticle size distribution
Figure 8a shows the particle size distribution profiles at 
selected antisolvent to solvent ratios of 1:1, 5:1 and 9:1 at 
constant conditions of 12 mL/s total flow rate and a disc 
rotational speed of 1200 rpm. An antisolvent to solvent 
ratio of 9:1 shows a peak of lowest mean size at 175 nm 
whereas the PdI value increases with the ratio as shown 
in Figure 8b. An increase in antisolvent to solvent ratio 
causes an increase in supersaturation through reduction 
of starch solubility. The generated supersaturation is 
then consumed by nucleation processes, generating 
smaller sized particles. The increase in PdI, on the other 
hand is likely to be a consequence of greater chances of 
agglomeration between the small size primary nuclei 
occurring as a result of more particles of smaller size being 
produced at the highest ratio. However, the overall PdI, 
which is a combination of the PdIs of the main peak, and 
a much smaller, less intense peak of higher particle size 
corresponding to agglomerated particles, as depicted in 
Figure 9, shows that there is more overall agglomeration 
at the low antisolvent to solvent ratio of 1:1. Agglomeration 
at 1:1 ratio may be the result of the entrapment of solvent 
between particles in close proximity to each other as 
incorporation of the higher amount of solvent/solute 
stream within the antisolvent stream becomes more 
Figure 7: Effect of disc rotational speed on PSD of starch 
nanoparticles at 1:1 antisolvent to solvent ratio and 18 mL/s.
Figure 8: Effect of antisolvent to solvent ratio at 12 mL/s and 
1200 rpm on the grooved disc, (a) PSD, (b) plot of mean particle 
size and PdI.
Figure 9: Overall PSD showing effect of antisolvent to solvent ratio 
at 12mL/s and 1200 rpm.
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difficult, as discussed in Section 3.1.1 earlier. Furthermore, 
as particles formed at 1:1 ratio are larger in size, the 
coverage by the surfactant of the larger particles may not 
be sufficient with the same concentration of surfactant 
used for all experimental conditions. Hence greater free 
surface is available on larger particles for agglomeration 
with surrounding particles. Table 1 presents the individual 
and overall PdI values for the 3 antisolvent to solvent ratios, 
along with the z-averages. The z-average is a cumulant size 
representing the average of the 2 peaks present in the PSD. 
TEM images in Figure 10 show the starch 
nanoparticles produced using 9:1, 5:1 and 1:1 ratios at 
18 mL/s and 1200 rpm. The images agree with the particle 
size distributions obtained using the DLS Zetasizer. 
In particular the presence of agglomerates at 9:1 ratio 
can be seen in Figure 10. Furthermore, the images show 
a reduction in particle size as the antisolvent to solvent 
ratio increases. This can be backed up by the size 
distribution in Figure 11, developed using the TEM images. 
Although previous work focusing on solvent-antisolvent 
precipitation of starch nanoparticles has been carried out 
in a semi-batch system, it has been limited to 1:1 ratios of 
antisolvent to solvent and resulting particle size produced 
have been between 130 to 140 nm [23]. However, in this 
present study an average particle size of 11.45 nm has been 
obtained for 1:1 antisolvent to solvent ratio at 18 mL/s and 
1200 rpm. For such a small particle size to be produced in 
a semi-batch process would require further downstream 
processing such as milling which could consume a 
significant amount of energy. 
3.2   Comparison between smooth and 
grooved disc surfaces
Figure 12 compares the smooth and grooved discs for the 
production of starch nanoparticles. The trend followed in 
the smooth disc is similar to that observed on the grooved 
disc for the conditions studied, and for reasons discussed 
earlier.
Figure 12a shows the effect of increasing flow rate, 
which suggests the production of smaller sized starch 
nanoparticles on the grooved disc up until 12 mL/s. 
However, after that there is not much more of a reduction 
in particle size as the flow rate is increased to 18 mL/s. 
On the other hand, for the smooth disc the particle size 
continues to decrease to produce slightly smaller sized 
particles than on grooved surface. This is also true for 
the effect of rotational speed presented in Figure 12b. 
For the conditions of 18 mL/s flow rate, 9:1 ratio and 
1200 rpm disc speed, the PSD in Figure 13 reveals a lower 
particle size on smooth disc surface, however the size 
distribution is narrower with the grooved disc, resulting in 
a lower overall PdI. The TEM images in Figure 14 for these 
conditions confirm the presence of more agglomeration 
amongst particles produced on the smooth disc. 
Table 1: Particle sizes and PdI values for different antisolvent to 




Mean peak 1 
(nm)








1:1 276.26 4813.33 259.57 0.188 0.367
5:1 218.43 4952.33 171.27 0.267 0.324
9:1 174.49 3789.00 133.35 0.280 0.284
Figure 10: TEM images for (a) 9:1, (b) 5:1 and (c) 1:1 antisolvent to 
solventratios at 18 mL/s and 1200 rpm.
Figure 11: PSD developed from TEM images in Figure 10, showing 
effect of antisolvent to solvent ratio at 18 mL/s and 1200 rpm.
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Figure 12c shows the effect of antisolvent to solvent 
ratio for smooth and grooved disc surfaces. There is not 
a significant difference between particle sizes obtained 
on the smooth and grooved discs, particularly at the 
higher ratios of 5:1 and 9:1. This is most likely due to 
supersaturation being a more important factor than surface 
texture, and the supersaturation generated is the same 
for both surfaces at a given antisolvent to solvent ratio.
The effect of the texture of the disc surface on 
mean particle size and its interactions with total 
flow rate, disc rotational speed and antisolvent to 
solvent ratio are presented in Figure 15, as well as the 
interactions between other parameters. The interactions 
plot summarises and agrees with the results so far. 
The interaction between total flow rate and the 
antisolvent to solvent ratio especially at high flow 
rates and low antisolvent to solvent ratio is particularly 
evidenced by the reverse trend observed at these values 
Generally, when comparing the particle sizes obtained 
on the smooth and grooved disc for the same conditions, 
the particles produced on the smooth disc are smaller. 
However, looking at the error bars in Figure 12, they tend 
to overlap in a few areas which suggests that the effect of 
disc surface on particle size is not as profound as it is on 
the width of the particle size distribution. 
The lower PdI on the grooved disc is the consequence 
of increased plug flow, associated with the narrower 
residence time distribution. It is a result of the textured 
surface generating turbulent eddies within the liquid film 
as it travels along the grooved surface. Furthermore, a 
grooved surface also promotes surface wetting and reduces 
the chances of film breakdown when compared to a smooth 
surface [7]. All these hydrodynamic effects prevalent on 
the grooved disc in contrast to the smooth disc provide the 
best conditions for controlling the PdI, thus resulting in 
better quality starch particles upon precipitation. 
3.2.1  Yield
Figure 16 shows the effects of flow rate, disc speed, and 
antisolvent to solvent ratio on particle yield for both 
Figure 12: Comparison between smooth and grooved disc for the 
effect of (a) flow rate (1200 rpm, 9:1 ratio), (b) disc rotational speed  
(18 mL/s, 9:1 ratio), (c) antisolvent to solvent ratio (1200 rpm, 18 mL/s).
Figure 13: PSD comparing smooth and grooved disc surfaces at 18 
mL/s, 9:1 ratio and 1200 rpm.
Figure 14: TEM image at 18 mL/s, 9:1 ratio and 1200 rpm for  
(a) smooth and (b) grooved surfaces.
Figure 15: Interactions plot showing effect of interactions between 
parameters on particle size obtained from the DLS.
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smooth and grooved disc surfaces. As discussed earlier, 
increased flow rates, higher disc speeds and increased 
proportion of antisolvent promote nucleation due to better 
mixing conditions. This generally translates into higher 
yields of particles under these conditions, especially so 
on the grooved disc. 
4  Conclusion
Starch nanoparticles were produced through a solvent-
antisolvent precipitation process in the spinning disc 
reactor using a grooved and a smooth disc surface. 
The impacts of operating conditions such as total flow 
rate, antisolvent to solvent ratio and disc rotational speed 
were investigated. It was observed that an increase in 
flow rate, antisolvent to solvent ratio and disc speed all 
caused a reduction in particle size. However, an increased 
antisolvent flow rate at a total flow rate of 18 mL/s and 
1:1 antisolvent to solvent ratio on the grooved surface 
was an exception to this due to possible back-mixing as 
the liquid bounces off the grooves on introduction of the 
equally high flows of both feeds in the inner regions of 
the disc. Yield experiments also showed a similar trend 
of increases in flow rate, disc speed and antisolvent to 
solvent ratio resulting in higher yields, more so on the 
grooved disc. It may be deduced that disc speed and total 
flow rate increase shear and instabilities within the liquid 
film, enhancing mixing between solvent and antisolvent, 
thus producing smaller sized starch nanoparticles with 
narrow PSDs. In addition to this, the increased antisolvent 
to solvent ratio decreases solubility and promotes 
nucleation through increased supersaturation. 
Comparisons between the smooth and grooved 
surfaces were made to investigate their impact on particle 
size, PdI and yield. It was noticed that although the smooth 
surface resulted in slightly smaller particles in some cases, 
the smooth surface of the disc did not have an extreme 
effect on particle size, and thus it would be reasonable to 
conclude that the disc surface does not significantly affect 
the mean size of the starch nanoparticles. In contrast, the 
disc surface was found to have a more significant impact 
on PdI value, caused by increased plug flow on the grooved 
disc, which resulted in narrower size distributions. 
In this work, we have demonstrated the processing 
advantages of generating smaller, more uniformly 
sized particles at relatively high yields in a continuous, 
intensified SDR technology. Combined with the use of 
ethanol as a greener solvent than the toxic and harmful 
solvents typically employed in the precipitation of starch 
nanoparticles, process intensification in the SDR offers the 
opportunity for greener, more efficient processing to be 
developed in antisolvent-solvent precipitation applications.
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